ABSTRACT The requirements for polynucleotide-dependent hydrolysis of ATP The molecular mechanism of A induction involves proteolytic cleavage of the phage-encoded repressor protein (cI protein). Both in vivo and in vitro, this proteolytic inactivation requires recA protein, a multifunctional enzyme that catalyzes DNAdependent ATP hydrolysis, ATP-dependent reassociation of complementary single strands of DNA, and pairing of single strands with homologous duplex DNA segments (strand assimilation and exchange) (1-6). In vivo, recA protein is also required for coordinately regulating expression ofseveral cellular functions in response to DNA damage that includes mutagenesis, enhanced error-free DNA repair, inhibition of septation during cell division, colicin induction, increased expression of its own gene, and at least five additional genetic elements (7-9). Genetic and biochemical evidence support the idea that expression of these functions (SOS functions) ensues from the proteolytic inactivation ofone or more bacterial repressors controlling their expression in a manner analogous to the destruction of A repressor (7, 8 (2) and Craig and Roberts (11) used a mutant form of the recA protein, tif(recA). The tif-1 missense mutation partially uncouples regulation of SOS activities from DNA damage. at 30°C, prophage induction and expression of other SOS functions in tif-1 strains depend on DNA damage or arrest of DNA synthesis, as in recA+ strains.
the presence of long single-stranded DNAs or certain deoxyhomopolymers. However, short oligonucleotides [(dT)12, (dA) 14] stimulate neither the protease nor the ATPase activities of the recA+ protein. In contrast, these short oligonucleotides activate tifgrecA) protein to cleave A repressor without stimulating its ATPase activity. Moreover, both the ATPase and protease activities of the tif(recA) protein are stimulated by poly(rU) and poly(rC) whereas the recA+ protein does not respond to these ribopolymers. We have purified the recA protein from a strain in which the tif mutation is intragenically suppressed. This mutant protein (recA629) is inactive in the presence of(dT)12, (dA)14, poly(rU), and poly(rC) for A repressor cleavage and ATP hydrolysis. These results argue that the the tif-1 mutation (or mutations) alters the DNA binding site of the recA protein. We suggest that in vivo the tif(recA) protein is activated for cleaving repressors of SOS genes by complex formation with short single-stranded regions or gaps that normally occur near the growing fork of replicating chromosomes and are too short for activating the recA+ enzyme. This mechanism can account for the expression of SOS functions in the absence of DNA damage in tif mutant strains. The molecular mechanism of A induction involves proteolytic cleavage of the phage-encoded repressor protein (cI protein). Both in vivo and in vitro, this proteolytic inactivation requires recA protein, a multifunctional enzyme that catalyzes DNAdependent ATP hydrolysis, ATP-dependent reassociation of complementary single strands of DNA, and pairing of single strands with homologous duplex DNA segments (strand assimilation and exchange) (1) (2) (3) (4) (5) (6) . In vivo, recA protein is also required for coordinately regulating expression ofseveral cellular functions in response to DNA damage that includes mutagenesis, enhanced error-free DNA repair, inhibition of septation during cell division, colicin induction, increased expression of its own gene, and at least five additional genetic elements (7) (8) (9) . Genetic and biochemical evidence support the idea that expression of these functions (SOS functions) ensues from the proteolytic inactivation ofone or more bacterial repressors controlling their expression in a manner analogous to the destruction of A repressor (7, 8) . Little et aL (10) have shown that, in vivo and in vitro, recA protein is needed to cleave lexA protein, the repressor of the recA gene, and possibly several other SOS functions.
Craig and Roberts (11) 
MATERIALS AND METHODS
The wild-type (recA+) and tif(recA) proteins were purified from strains KM1842 (4) and DM1187 (13) , respectively, by ATP elution from DNA cellulose as described (14) . The enzymes are >98% pure as judged by Coomassie blue staining after electrophoresis in NaDodS04polyacrylamide gels. The recA629 protein was purified as described (4) . A repressor, purified by the method ofReichardt (15) , was a gift ofA. D. Kaiser. ATP hyAbbreviations: ATP-y-S, GTP-y-S, and UTP-y-S, adenosine-, guano- The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisemeint" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 6061 drolysis was measured as described (4) . The conditions for repressor cleavage and analysis of the reaction products by polyacrylamide gel electrophoresis will be described in detail elsewhere. For Fig. 1 ). In the case of the recA+ protein, the initial rate of ATP hydrolysis is similar with 4X174 viral DNA, poly(dT), poly(dU), poly(dC), and poly(dA). Under the conditions of these experiments, the turnover number [(mol of ADP formed/mol of recA protein)/min] is 18 at 370C, a value somewhat higher than previously reported (unpublished Fig. 1A and B).
Competition binding studies indicate that both tif(recA) and recA+ proteins bind both ribo-and deoxyribo-homopolymers (unpublished results). Thus, although the recA+ protein binds poly(rU) and poly(rC), the complex formed is incompetent for ATP hydrolysis. In contrast, the tif(recA) mutant enzyme forms a complex with these ribohomopolymers that results in significant ATP hydrolysis. In the case of poly(rA), which binds to both proteins (data not shown), no stimulation ofATP hydrolysis is observed. Therefore, polynucleotide binding by the recA+ or the tif(recA) protein is necessary but not sufficient for ATP hydrolysis.
Polynucleotide Size Requirement for A Repressor Cleavage. Craig and Roberts (11) tected (<5%). Under the reaction conditions. used in these experiments, which differ from those of Craig and Roberts (11) , neither the tetranucleotide, (dT)4, nor the octanucleotide, (dT)8, stimulates repressor cleavage by the tif(recA) protein, whereas long-chain polynucleotides such as poly(dT), poly(dA), and poly(rA) effectively stimulate repressor cleavage (Fig. 3) (Fig. 2B) for homologous recombination and repair of UV damage and produces a recA protein that is cold labile for DNA strand-pairing reactions in vitro (ref. 4; unpublished) . The recA629 mutant protein was purified to >85% homogeneity and examined for its ability to cleave A repressor under conditions in which the "parental" tif(recA) protein is active. As shown in Fig. 4 (5) . The ATP hydrolysis data (Fig. 1) suggested that the tif(recA) enzyme might be less sensitive to inhibition by nucleoside diphosphates (ADP and UDP) and dTTP. As shown in Fig. 5 , this hypothesis was confirmed for the repressor-cleavage activity. The tif(recA) protein is relatively insensitive to inhibition and retains most of its activity in the presence of 660 ILM ADP, UDP, or dTJP, whereas the recA' protein is substantially inhibited'under the same conditions. These results are consistent with the notion that ADP, UDP, and dTTP bind more tightly to the recA' protein than to the tif(recA) enzyme in the presence of polynucleotide.
We have also observed that UTP-y-S substitutes for ATP-y-S in the repressor-cleavage reaction (Fig. 3, lanes 6 and 13) . UTP-y-S also promotes formation of stable recA protein-DNA complexes (unpublished) and competitively inhibits the ATPase activity of recA+ protein (data not shown). GTP-y-S substitutes partially for ATP-y-S in the cleavage reaction, although the rate of cleavage is reduced (Fig. 3, lanes 7 and 14; data not shown). GTP-y-S partially blocks binding ofATP-y-S to the recA protein (unpublished), indicating that it binds to the enzyme at or near the same site as the ATP analog. DISCUSSION Several differences between the enzymatic properties of the recA+ protein and the mutationally altered tif(recA) protein are 2 3 4 5 6 7 8 9 l0 11 documented in this paper. Although the ATPase activities of both proteins are stimulated by relatively long single-stranded DNA or deoxyhomopolymers, the recA' protein fails to hydrolyze ATP in the presence ofribohomopolymers such as poly(rU) and poly(rC) whereas the tifjrecA) protein hydrolyzes ATP in the presence of these polynucleotides. The initial rate of ATP hydrolysis catalyzed by tif(recA) protein in the presence ofthese ribohomopolymers is near that seen in the presence of 4X174 single-stranded DNA. Nevertheless, the extent of ATP hydrolysis is only 50%, while >80% of the ATP is hydrolyzed when deoxyhomopolymers are used as cofactors. Under these reaction conditions, tif(recA) protein is stable for several hours, suggesting that premature cessation ofhydrolysis is not due to enzyme inactivation.
Neither recA' nor tif(recA) protein catalyzes significant hydrolysis ofATP in the presence ofoligonucleotides such as (dT)16 or (dA)14. However, the tif(recA) enzyme is uniquely able to use short oligonucleotides as cofactors for cleaving A repressor. Craig and Roberts (11) A model has been proposed for induction of A prophage and SOS functions in tif-I mutant strains in the absence of DNA damage (8) . According to this model, activation of the tif form ofthe recA protein does not require an effector but results from a temperature-induced conformational change in the tif(recA) protein. The in vitro results ofCraig and Roberts (11) and those described here indicate that tif(recA) protein-directed cleavage of A repressor, and presumably other repressors of SOS functions (e. g., lexA protein), requires a polynucleotide cofactor for activity. Evidence has been presented that, for both recA' and tif(recA) proteins, the active proteolytic form is an enzyme-DNA complex (11) . Our results indicate that the tif(recA) protein can be activated in vitro by polynucleotides [poly(rU) and poly(rC)] and oligonucleotides that do not activate recA+ protein under identical conditions. Moreover, we have shown that intragenic suppression ofthe tifmutation in vivo produces an altered recA protein that no longer recognizes these polymers as effectors for A-repressor cleavage or ATP hydrolysis. We conclude that the Tif phenotype results from qualitative and perhaps quantitative alterations in DNA binding by the recA gene product.
Which DNA cofactor is likely to be important in vivo for constitutive expression of SOS function and A-prophage induction? We suggest that short single-stranded regions in replicating chromosomes can bind and activate the tif(recA) protein but cannot activate the recA' enzyme in a manner analogous to the role of short oligonucleotides in vitro. These single-stranded regions are likely to be in and around the replication fork and, based on in vitro results, are probably 10-20 nucleotides long. This model predicts that the tif(recA) enzyme can be activated in vivo only in cells actively replicating (or repairing) their DNA. Consistent with this idea is the observation that the Tif phenotype can be suppressed in dnaA mutant cells at 420C when chromosomes are fully replicated and no new replication forks can initiate (16) . According to this model, suppression would be achieved by eliminating the cellular effector of the enzyme. The enhanced expression of tif(recA) at 420C may indicate that the enzyme binds more tightly to these single-stranded regions at the high temperature or that these single-stranded regions are more accessible at 420C.
Our results indicate that the tif(recA) enzyme is not activated for A-repressor cleavage by oligonucleotides shorter than 10 residues. Although we have not examined a wide variety of reaction conditions or oligonucleotide effectors, we have found no evidence indicating that that tif(recA) protein cleaves A repressor in response to very short oligonucleotides such as dimers or trimers. Irbe et aL (17) have shown that the dinucleotides d(A-G) and d(G-G) stimulate 080 prophage induction in a permeable system. Their results, however, do not show that these dinucleotides are direct effectors of the recA protein for induction.
The recA629 mutation, an intragenic suppressor oftif-1, ren- 
